The clastogenic ability of the restriction endonucleases (Mspl, HpaU and HaeUl) in germinating seeds of reconstructed barley karyotype was assessed. An effective induction of chromosomal aberrations after restrictase treatment was observed. The frequency, types and cell-cycle dependence of the observed abnormalities are discussed in relation to the distinct characteristics of the enzymes and the features of the plant genome. The capacity to induce aberrations was not significantly influenced by the nature of the double-strand breaks (blunt-or cohesive-ended); however, it was dependent on the methylation status of the plant DNA. The restriction enzymes displayed an Sindependent mode of action revealing the transition between G] and S as the most sensitive stage of the cell cycle in barley for induction of chromosomal damage.
Introduction
The use of bacterial restriction endonucleases (REs) as a tool for induction of chromosomal damage has been a matter of significant interest over the past decade. In order to investigate the role of DNA double-strand breaks (DSBs) in the course of the cellular response to radiation-induced damage and the basic mechanisms underlying the formation of chromosomal aberrations, the ability of REs to produce one particular lesion, namely DSB, was exploited.
Although the ionizing radiation induces a variety of lesions, mainly base damage, cross-links and breakage of one or both strands of the double helix (van der Schans et al, 1982) , DSBs were found to be the most likely primary damage leading to the formation of chromosomal aberrations (Natarajan et al, 1980; Obe et al, 1982; Natarajan, 1984) . This suggestion was strongly supported by the successful application of REs as effective inducers of chromosomal damage (Bryant, 1984; Natarajan and Obe; , for a review see Bryant, 1988 Bryant, , 1989 Thacker, 1994) . The mode of action of REs was found to resemble those of ionizing radiation and radiomimetic chemicals, namely being S-phase independent-chromosome-type aberrations are induced in Gj and chromatid-type in S and G2 phases of the cell cycle respectively (Natarajan and Obe, 1984; Obe and Winkel, 1985) .
Taking into account the general mode of action of REs, their clastogenic efficiency has to be dependent mainly on the number of and accessibility to the potential cutting sites within the respective genome, the number of the bases within the recognition sequence and the nature of the produced DSB (blunt-or cohesive-ended). A series of studies has shown, that blunt-ended breaks tend to be more effective, leading to higher frequencies of chromosomal aberrations (Bryant, 1984; Natarajan and Obe, 1984; Darroudi and Natarajan, 1989; Bryant and Christie, 1989) . However, there are also contradictory observations (Winegar and Preston, 1988) , considering the activity and the lifetime of the REs as a major factor determining their effectiveness (Costa et al, 1993 (Costa et al, , 1994 . It is conceivable that several constraints regarding the chromatin structure and condensation may also exist on the possible sites of restriction, but a relatively higher efficiency of REs with four base recognition sequences and a lower efficiency for those REs recognizing six bases or more is generally assumed. The efficiency of aberration induction was found to be dependent on a variety of other factors, such as the cell-cycle progression, repair capacity of the cells, DNA methylation status and technique for introduction of the REs within the nucleus (Natarajan and Obe, 1984; Obe et al, 1985; Bryant et al, 1987; Morgan and Winegar, 1989) .
It has to be pointed out that the majority of studies in the field have been performed on mammalian cell cultures and the data concerning this topic in plant material are rather scarce. The first attempt to analyze the effects of REs on plant chromosomes was made by Subrahmanyam et al. (1976) . After continuous treatment of isolated root tips of barley with a mixture of the restriction endonucleases Hindtt and HindUl, they observed time-dependent progressive fragmentation of metaphase chromosomes and granular appearance of interphase chromatin with formation of micronuclei. These data and the ample and decisive evidence of the chromosome-breaking ability of REs in mammalian cells suggested the utilization of RE-treatment as a possible way of introducing chromosomal lesions in barley. Taking advantage of the use of reconstructed karyotypes, which allows precise scoring of the specific distribution of damage along the individual chromosomes, we launched a study aimed at investigating the induction and recovery of chromosomal aberrations after treatment with the restriction endonucleases Mspl, HpaU and HaeUI.
Materials and methods

Plant material
Germinating seeds of barley, karyotype PK 88 were used throughout. PK-88 is a multi-reconstructed karyotype synthesized via 'irradiation' and 'intercross' methods. It is based on three reciprocal translocations between chromosomes 1 and 2, 3 and 4, and 5 and 7, and one pericentriC inversion in chromosome 6, which gives a complete cytological marking of the chromosomal complement (Gecheff, 1989) .
Treatment with REs
Germination of the seeds (initially soaked in water for 30 min) was performed in the dark at 25°C on moist filter paper. The characteristic features of the REs used in the study-Hpall, HaeUl (Appligene, Freeport, NY) and Mspl (Fermentas, Vilnius, Lithuania)-are listed in Table I .
The method of permeabilization of the primary root cells was basically the same as that of Subrahmanyam et al. (1976) , but the root cells were not excised from the seeds. Partial disaggregation of the cell walls was achieved by dipping the roots for 1.5 h in a 2.5% aqueous solution of Driselase (Fluka, Switzerland) at 37°C. After intensive washing of the seeds with distilled water, they were kept for 15 min in the corresponding digestion buffer recommended by the supplier. Treatment with the REs was performed 20 h after imbibition for 3 h at 37°C in curved glass plates, sealed with parafilm in order to prevent the evaporation of the buffer. Typically, -15-20 equally germinated seeds were immersed in 400 u.1 of the corresponding buffer mixed extempore with the enzymes at a final concentration of 500 U/ml each. Parallel control treatments with Dnselase and enzyme buffers only were performed under the same experimental conditions.
Cytological procedures
After digestion, the seeds were thoroughly washed, transferred into Petri dishes and allowed to germinate further in the dark at 25°C. For scoring of metaphase aberrations, serial fixations covering the first cell cycle after treatment at 3 h intervals (indicated as 'recovery time' in the text) were made. Metaphase block, fixation of the material, preparation of Feulgen-stained squashes and the scoring of aberrations were carried out as previously described (Gecheff, 1989) . Typically, 150-200 metaphases were analyzed per Table I . cohesive-ended cohesive-ended blunt-ended recovery time. The data were pooled from at least two independent experiments and the sample standard deviation was calculated.
Digestion of purified DNA Total DNA from fresh material (roots from seeds germinated for 20 h) was isolated. After grinding with liquid nitrogen, the tissue was lysed in buffer containing 2M NaCl, 1% Triton, 10 mM EDTA and 25 mM Tris-HCl, pH 8 for 1 h at 4°C and the standard phenol extraction and purification procedure was applied to obtain DNA. Digestion of the samples with HaeUl, HpaU and Mspl (preliminarily tested on X DNA) was performed for 3 h, 37°C at a ratio 10 U/ug DNA. The corresponding digestion products were separated by 0.8% agarose gel electrophoresis, stained with ethidium bromide and visualized under the UV-transilluminator.
Results and discussion
A set of preliminary experiments was performed in order to select the most suitable treatment conditions for the studies on the clastogenic ability of REs. We chose to shorten the Dnselase treatment in comparison to that used by Subrahmanyam et al. (1976) ; moreover, the longer disaggregation of the cell walls resulted in a significant delay in proliferation. Regarding the restrictase digestion, we selected concentrations and durations of treatment so as to give discernible effects, but not resulting in a severe delay of mitotic activity and germination of the seeds. The data on the induction, recovery and types of chromosomal aberrations induced by Mspl, Hpall and Haelll are summarized in Tables II, III and IV, respectively. As the early fixation periods for Mspl and Hpall did not reveal any significant deviations in the frequency and type of induced aberrations, the data were pooled and presented together. Mspl and Haelll digestion buffers alone did not produce any effect, the number of aberrations being within the frame of the spontaneous level of -2%. However, an ~2-fold increase in the frequency of the spontaneous aberrations was observed after treatment with //pall-digestion buffer. As can be seen from Table II , the most pronounced effect of Mspl was found 19 h after treatment, diminishing at the later recovery periods and with a slight increase at last fixation time. The results obtained after Hpall digestion differed somewhat from those for Mspl, namely the higher number of aberrant metaphases was found later during recovery with a relatively lower aberration frequency and without a contiguous peak in effectivity (Table HI) . The data concerning the clastogenic ability of
Haelll indicated a more pronounced efficiency at early fixation times than that of Mspl and HpaU (Table IV) . The maximum effect was more long-lasting, although being within the limits of frequencies found for the other two enzymes.
The common feature of the all three tested REs concerning the type of induced chromosomal aberrations was that isochromatid breaks and chromatid translocations were predominantly observed. Intercalary deletions and duplication-deletions were found with lower occurrence. The most typical chromosomal aberrations observed after treatment with the REs are presented on Figure 1 . Any particular restrictase-dependent specificity in the types of chromatid aberrations was not found, although Haelll tended to induce somewhat higher numbers of translocations than the other two enzymes. As a rule, cells with more than three to four abnormalities were rarely seen and very few cells with both chromatid and chromosome type of aberrations were observed [ Figure 1 observed by Subrahmanyam et al. (1976) , were not recorded for the aberration frequency. Metaphases with multiple aberrations [Figure 1(6) ] were found at a later recovery times, with their share of the total number of damaged cells increasing sharply 43 h after nuclease treatment, particularly when Mspl and HpaW were applied.
It is well established, that, in general, plant nuclear DNA is heavily methylated, the level of 5-methyl cytosine accounting for >30% of total cytosine, with linear increase with the guanine + cytosine content (Gruenbaum et al., 1981; Montero et al., 1992) . The observed differences in effectivity of the methylation-sensitive restrictases HpaW and Mspl as inducers of chromosomal aberrations are in a good agreement with their mode of action on purified barley DNA (Figure 2 ). As the mode of action of HpaW and Mspl is affected in a different manner by the methylation of both cytosines in their recognition sequence (Roberts, 1988) , it seems that in barley DNA methylation of the internal cytosine in the tetranucleotide CCGG occurs more frequently than in the external. The data are also in accordance with other studies dealing with the use of enzymes with methylation-dependent mode of action as inducers of chromosomal damage (Obe et al., 1985; Winegar and Preston, 1988; Winegar et al., 1989; Balajee and Natarajan, 1993) For our experiments we used REs possessing four base recognition sequences because of their theoretically predicted more frequent occurrence, comparing enzymes producing cohesive-(HpaW and Mspl) and blunt-ended (HaeWl) DSB.
In general, blunt-ended breaks, being less repairable, are expected [and this expectation confirmed in a series of studies (Bryant, 1984; Natarajan and Obe, 1984; Darroudi and Natarajan, 1989; Bryant and Christie, 1989) ] to give higher frequencies of chromosomal aberrations. Our data are not fully in accordance with the prevailing results obtained in mammalian cells. There was no apparent difference between the clastogenic efficiency of HaeWl and both HpaW and Mspl, although HaelW tends to be more effective on naked DNA (Figure 2 ). This suggestion, however, should be viewed with caution, since we may be dealing with a number of factors influencing the results. Our tentative approach is based on a treatment of meristematic tissue and not of single cells. Also, we do not know the penetration efficiency, the actual frequency of inv/vo-induced DSB, the availability and accessibility of the recognition sequences in the barley chromatin and the activity and lifetime of the enzymes into the cell nucleus. Altogether, these factors may be the cause of the generally lower effectivity of restrictase treatment in our experiments than in those performed with mammalian cells.
We performed the RE treatment in such a way as to have as many as possible of the cells already within or entering the replication. Naturally synchronized pre-synthetic period (G)) nuclei of dry barley seeds enter the S-phase of the cell cycle after 15-20 h of soaking at 25°C (Ahnstrom, 1972) . As predominantly chromatid-type aberrations were observed at early recovery times, it appears that the cell population consists exclusively of cells in late S and G2 phases. That this is not the case was evident from our supplementary experiment with germinating seeds irradiated with five Gy y-rays (data not shown). Many metaphases with high number of dicentrics, tricentrics, rings and fragments mixed with chromatid-type aberrations were found. Actually, there were many G| and early S-phase cells in restrictase treated root tips-i.e. the occurrence of mainly chromatid-type aberrations could be a consequence of the cell-cycle prolongation.
Chromosome-and chromatid-type aberrations were exclusively found later during recovery in heavily damaged cells with multiple aberrations. Most probably, very few G, and early S-phase-cells survive the high number of induced lesions. The observed aberration pattern indicates that barley chromatin possesses exceptional sensitivity to REs during late Gj and at the time of entry to and early in the S-phase, which resembles the cell-cycle dependence of Alul induced chromosomal aberrations in Chinese hamster ovary cells (Obe and Winkel, 1985) . As a whole, our data are consistent with the notion that the REs act in an S-phase-independent manner.
Taken together, our observations are clear indications that DNA DSBs induced by REs in plant cells lead to the formation of chromosomal aberrations. As mentioned by Natarajan and Obe in 1984, one of the possibilities opened by the use of REs as inducers of chromosomal aberrations is to probe the chromosome sequence specificity and the accessibility of the different chromosomal regions to REs. Based on reconstructed barley karyotypes, we already have some indications of the specific response of individual chromosome segments to restrictase treatment. This will be the subject of further investigations.
